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Flavor-changing top quark decays inR-parity-violating supersymmetric models
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The flavor-changing top quark decayst→cV (V5Z,g,g) induced byR-parity-violating couplings in the
minimal supersymmetric standard model are evaluated. We find that the decayst→cV can be significantly
enhanced relative to those in theR-parity-conserving supersymmetric model. Our results show that the top
quark flavor-changing neutral current decay can be as large as Br(t→cg);1023, Br(t→cZ);1024, and
Br(t→cg);1025, which may be observable at the upgraded Fermilab Tevatron and/or the CERN LHC.
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The unexpected large mass of the top quark suggests
it may be more sensitive to new physics than other fermio
In the standard model~SM! the flavor-changing neutral cur
rent ~FCNC! decays of the top quarkt→cV suppressed by
the Glashow-Iliopoulos-Maiani~GIM! mechanism, are found
to be far below the detectable level@1,2#. So, searching for
FCNC top-quark decays serves as a powerful probe to eff
of new physics. The CDF@3,4# and D0 @5# Collaborations
have reported interesting bounds on these decays@4#. Un-
doubtedly more stringent bounds will be obtained in the
ture at the Tevatron upgrade and the LHC.

A systematic theoretical study of the experimental obse
ability for FCNC top-quark decays at the Tevatron and
LHC has been made in Refs.@6,7#. The results show that th
detection sensitivity can be significant@6,7#:

Br~ t→cZ!.431023~631024!, ~1!

Br~ t→cg!.431024~831025!, ~2!

Br~ t→cg!.531023~131023!, ~3!

at the upgraded Tevatron of integrated luminosity of
~100! fb21. The two electroweak modes can be improv
severalfold at the LHC with similar integrated luminositie

Br~ t→cZ!.831024~231024!, ~4!

Br~ t→cg!.231025~531026!. ~5!

Despite the above interesting experimental possibilit
there is no demonstration in the minimal supersymme
standard model~MSSM!, which is the most favored cand
date for physics beyond the standard model, that such lim
can be realized. In MSSM conservingR-parity, the predic-
tions for branching ratios of these FCNC top-quark dec
were found to be significantly below the above detecta
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levels @8#. In this paper we will show that in the case of th
R-parity violating MSSM@9,10# with the existing bounds on
theR-parity violating couplings that violate the baryon num
ber, Br(t→cV) might reach the detectable level at the u
graded Tevatron and the LHC. However, as shown bel
the effects of the lepton-number-violatingl8 couplings in
FCNC top-quark decays are negligibly small under the c
rent constraints.

In the MSSM the superpotential withR-parity violation is
given by @10#

WR”5l i jkLiL jEk
c1l i jk8 LiQjDk

c

1l i jk9 eabdUia
c D jb

c Dkd
c 1m iL iH2 , ~6!

where Li(Qi) and Ei(Ui ,Di) are the left-handed lepton
~quark! doublet and right-handed lepton~quark! singlet chi-
ral superfields.i , j ,k are generation indices andc denotes
charge conjugation.a, b, and d are the color indices and
eabd is the total antisymmetric tensor.H1,2 are the Higgs-
doublets chiral superfields. Thel i jk and l i jk8 are lepton-
number-violating (L” ) couplings andl i jk9 baryon-number-
violating (B” ) couplings. Constraints on these couplings ha
been obtained from various low-energy processes@11–20#
and their phenomenologies at hadron and lepton collid
have also been investigated recently by a number of aut
@19,21#.

Although it is theoretically possible to have bothB” andL”
interactions, the nonobservation of proton decay prohib
their simultaneous presence@14#. We therefore assume th
existence of eitherL” or B” couplings, and investigate the
separate effects in top-quark decays.

The FCNC decayst→cV can be induced by either thel8
or l9 coupling at the one loop level. In terms of the fou
component Dirac notation, the Lagrangian of theL” couplings
l8 andB” couplingsl9 are given by

L l852l i jk8 @ ñL
i d̄R

k dL
j 1d̃L

j d̄R
k nL

i 1~ d̃R
k !* ~ n̄L

i !cdL
j

2ẽL
i d̄R

k uL
j 2ũL

j d̄R
k eL

i 2~ d̃R
k !* ~ ēL

i !cuL
j #1H.c., ~7!

-
i-
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L l952l i jk9 @ d̃R
k ~ ūL

i !cdL
j 1d̃R

j ~ d̄L
k !cuL

i 1ũR
i ~ d̄L

j !cdL
k #1H.c.,

~8!

where the color indices inL l9 are totally antisymmetric as in
Eq. ~6!.

Let us first considert→cV induced byL” couplings. At
one-loop level, they give rise to effectivetcV vertices of the
form

Vm~ tcZ!5 ie@gmPLAZ1 iknsmnPRBZ#, ~9!
io
en
te

-
e

05500
Vm~ tcg!5 ie@ iknsmnPRBg#, ~10!

Vm~ tcg!5 igsT
a@ iknsmnPRBg#, ~11!

wherePR,L5 1
2 (16g5) andk is the momentum of the vecto

boson. The form factorsAZ, BZ, etc., are obtained by iden
tifying AZ5A1

Z1A2
Z andBV5B1

V1B2
V (V5Z,g,g), where
A1
Z5

1

16p2
l i2k8 l i3k8 H ~vc1ac!B1~Mt ,Mei,Md̃k!

2~ve1ae!F2c242
1

2
1MZ

2~c121c23!G~2pt ,pc ,Mei,Md̃k,Mei !

1jV@2c241Mt
2~c112c121c212c23!#~2pt ,k,Mei,Md̃k,Md̃k!J , ~12!

B1
Z5

1

16p2
l i2k8 l i3k8 $~ve1ae!Mt@c112c121c212c23#~2pt ,pc ,Mei,Md̃k,Mei !

1jVMt@c112c121c212c23#~2pt ,k,Mei,Md̃k,Md̃k!%, ~13!

A2
Z5

1

16p2
l i2k8 l i3k8 H ~vc1ac!B1~Mt ,Mdk,Mẽi !

2~ad2vd!F2c242
1

2
1MZ

2~c121c23!G~2pt ,pc ,Mdk,Mẽi,Mdk!

2jV8 @2c241Mt
2~c112c121c212c23!#~2pt ,k,Mdk,Mẽi,Mẽi !J , ~14!

B2
Z5

1

16p2
l i2k8 l i3k8 $~ad2vd!Mt@c112c121c212c23#~2pt ,pc ,Mdk,Mẽi,Mdk!

2jV8Mt@c112c121c212c23#~2pt ,k,Mdk,Mẽi,Mẽi !%. ~15!
in
e
al-

c-
The sum over family indicesi ,k51,2,3 is implied.pt andpc

are the momenta of the top and charm quarks. The funct
B1 andci j are two- and three-point Feynman integrals giv
in Ref. @22#, and their functional dependences are indica
in the bracket following them. The constantjV (jV8 )5

2edsW /cW @2(122sW
2 )/2sWcW#, ed(21), 1 ~0! are for the

Z boson, photon, and gluon, respectively;v f5(I 3
f

22efsW
2 )/2sWcW andaf5I 3

f /2sWcW are the vector and axial
vector couplings withef being the electric charge of th
fermion f in unit of e, andI 3

f 561/2 the corresponding third
components of the weak isospin. The form factorsB1,2

g and
ns

d

B1,2
g are obtained fromB1,2

Z by the substitutionsB1
g5B1

Z(ae

→0,ve→ee), B2
g5B2

Z(ad→0,vd→ed), B1
g5B1

Z(ae→0,ve

→0), andB2
g5B2

Z(ad→0,vd→1) and settingMZ→0.
Note that the ultraviolet divergencies are contained

Feynman integralsB1 andc24. We have checked that all th
ultraviolet divergencies cancelled as a result of the renorm
izability of the MSSM.

Similarly, we have calculated the effectivetcV vertices
induced by theB” couplings at the one-loop level. The effe
tive vertices have forms similar to those of Eqs.~9!–~11!
with the substitutionsAV→F1

V , BV→F2
V , where
1-2
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F1
Z5

1

16p2
l2 jk9 l3 jk9 H ~vc1ac!B1~Mt ,Mdj ,Md̃k!

1~vd1ad!F1

2
22c242MV

2~c121c23!G
3~2pt ,pc ,Mdj ,Md̃k,Mdj !

2jV@2c241Mt
2~c112c121c212c23!#

3~2pt ,k,Mdj ,Md̃k,Md̃k!J , ~16!

F2
Z5

1

16p2
l2 jk9 l3 jk9 $~vd1ad!Mt@c112c121c212c23#

3~2pt ,pc ,Mdj ,Md̃k,Mdj !2jVMt

3@c112c121c212c23#

3~2pt ,k,Mdj ,Md̃k,Md̃k!%, ~17!

F2
g5F2

Zuad→0,vd→ed
, F2

g5F2
Zuad→0,vd→21,jV→2jV

.
~18!

The sum over family indicesj ,k51,2,3 is implied.
Now we present the numerical results for Br(t→cV). We

take Mt5175 GeV,mZ591.187 GeV,mW580.3 GeV,GF
51.1663931025(GeV)22, a51/128, as50.108, and ne-
glect the masses of charged leptons, down-type quarks,
the charm quark. The decay rates increase with the rele
l8 or l9 couplings and decrease with the increase of
sparticle mass.

We note that there are two mass eigenstates for each
vor squark and slepton, and the nonzero off-diagonal te
in the fermion mass matrix will induce the mass splitti
between the two mass eigenstates@23#. Since the off-
diagonal terms in the mass matrix are proportional to
mass of the corresponding fermion@23#, the off-diagonal
terms in the mass matrix of the down-type squark and
slepton are relatively small. For simplicity, we assumed
the down-type squark masses to be degenerate, as well a
masses of the sleptons. As we shall discuss later, these
nical assumptions do not affect our results.

L-violating couplings.To calculate the bounds of th
Br(t→cV) in the presence of theL” terms, we use the fol-
lowing limits on theL” couplings ~obtained for the squark
mass of 100 GeV!: ulki j8 u,0.012 (k, j 51,2,3;i 52) @16#,
ul13j8 u,0.16 (j 51,2) @18#, ul1338 u,0.001 @15#, ul23j8 u,0.16
( j 51,2,3), andul33j8 u,0.26 (j 51,2,3) @19#. There are also
the following constraints on the products of thel8 couplings
@17,18#: l13i8 l12i8 , l23j8 l22j8 ,1.131023 ( i 51,2;j 51,2,3),
l in28 l jn18 ,1025( i , j ,n51,2,3), and l1218 l2228 , l1228 l2218 ,
l1318 l2328 , l1328 l2318 ,1027.

Using the upper limits of the relevantL” couplings and
taking the lower limit of 45 GeV for slepton mass, we fin
the maximum values of the branching fractions to be

Br~ t→cZ!<1029, Br~ t→cg!<10210,
05500
nd
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e
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Br~ t→cg!<1028. ~19!

If we consider the mass splitting between sleptons, th
upper limits on the branching fractions still persist. Thus
conclude that the contributions of theL” couplings to t
→cV are too small to be of interest.

B-violating couplings.For theB” couplingsl9 the bound
on the top-quark rare decay rates can be significantly
creased since thel9 couplings stand relatively uncon
strained, except forl1129 andl1139 which have been strongly
bounded from the consideration of double nucleon de
into two kaons@12# and ann-n̄ oscillation@12#, respectively.

Under the assumption that the masses of all down-t
squarks are degenerate, Br(t→cV) is proportional toL2

with L being the product of the relevantB” couplings defined
by

L[l2129 l3129 1l2139 l3139 1l2239 l3239 5
1

2
l2 jk9 l3 jk9 . ~20!

While the experimental bounds onl3 jk9 have been derived
from the ratio of hadron to lepton width of theZ0, Rl
[Gh /G l @20#, we are not aware of any experimental boun
on l2 jk9 although one can make general estimates from c
tain low-energy data. Therefore, we do not have an exp
mental bound forL. We discuss these points in some det
below.

First we will argue that it is likly that only one term inL,
Eq. ~20!, can be significant. This comes from the consid
ation of the low-energy processesb→sg andK0-K̄0 mixing.
This may provide strong constraints to the productsl i129 l i139
andl i139 l i239 ~sum overi is implied!, respectively@24#. Thus
the simultaneous presence of any two terms inL might con-
flict with these low-energy processes. However, the ex
tence of only one of the terms,l2129 l3129 , l2139 l3139 , or
l2239 l3239 , will not be constrained by them.

The bound onl3 jk9 from Rl[Gh /G l is 1.46 at 2s for
down squark mass of 100 GeV@20#. We can obtain anothe
constraint from the FNAL data oft t̄ events by examining the
exotic top-quark decayt→d̄L

j 1dD R
k . For the top-quark mass

of 175 GeV, we have

Rt[
G~ t→d̄L

j 1dD R
k !

G~ t→W1b!
51.12~l3 jk9 !2F12S Md̃

R
k

175 GeV
D 2G2

3uS 12
md̃

mt
D . ~21!

The d̃R
k can decay into adR plus a lightest neutralino~and

gluino if kinematically allowed!, as well as quark pairs in
duced by theB” terms. The decay modest→d̄L

j 1dD R
k can en-

hance the total fraction of hadronic decays of the top qu
and alter the ratio oft t̄ events expected in the dilepton cha
nel. The number of dilepton events expected in the prese
of the decayt→d̄L

j 1dD R
k and that in the SM is given by

R( f )[(12 f )2, where f 5Br(t→d̄L
j 1dD R

k ). The CDF mea-
1-3



s

fo
a
e
,

ti

le

.
s-
ar

al

ob

t
o

a

nd

d
per

, and

r(

the

cor-
e
of

first
n-

re-

e
in-
our
pro-
rent

ing
r(

JIN MIN YANG, BING-LIN YOUNG, AND X. ZHANG PHYSICAL REVIEW D 58 055001
surement of thet t̄ production cross section iss@ t t̄ #exp

58.323.3
14.3 pb in the dilepton channel@25#, while the SM ex-

pectation for a top-quark mass of 175 GeV iss@ t t̄ #QCD

55.520.4
10.1 pb @26#. By requiringR( f ) to lie within the mea-

sured range ofs@ t t̄ #exp/s@ t t̄ #QCD, we can obtain the bound
on the relevantl9 couplings. The 2s bound from dilepton
channel is found to be

~l3 jk9 !2F12S Md̃
R
k

175 GeV
D 2G2

,0.71. ~22!

For Md̃
R
k 5100 GeV, we havel3 jk9 ,1.25, comparable to the

bound fromRl @20#. Constraints onl3 jk9 from the experimen-

tal data oft t̄ in other channels are weaker.
Although we are not aware of any experimental bound

l2 jk9 , theoretical bounds can be derived under specific
sumptions@11#. The constraint of perturbative unitarity at th
SUSY breaking scaleMSUSY would bound all the couplings
and in particular (l2 jk9 )2/4p,1, i.e.,l2 jk9 ,3.54. A stronger
bound can be obtained if we assume gauge group unifica
at MU5231016 GeV and the Yukawa couplingsYt , Yb ,
and Yt to remain in the perturbative domain in the who
range up toMU . This implies Yi(m),1 for m,231016

GeV. Then we obtain an upper bound of 0.6 for alll i jk9 @11#.
In this latter case, if all the terms inL exist and take their
maximum value of 0.6, thenL is at most of the order of 1
But there is noa priori reason to take this theoretical a
sumption. Taking the former scenario of perturbative unit
ity at the SUSY breaking scale and letting, for example,l2129
and l3129 have their maximal allowed values and taking
the otherl9’s to be small, then we haveL as large as 5,
which would make the top-quark neutral current decays
servable as our results below show.

Now we present the numerical results for the effects ofl9

couplings by consideringL as a variable and dividing it ou
from the branching ratios. In Fig. 1 we present the plot

FIG. 1. The plot of Br(t→cV)/(0.2L)2 as a function of squark
mass.
05500
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Br(t→cV)/(0.2L)2 as a function of squark mass. For
squark mass no greater than 170 GeV we have

Br~ t→cZ!'~0.6L!231024, ~23!

Br~ t→cg!'~0.3L!231025, ~24!

Br~ t→cg!'~0.4L!231023. ~25!

We conclude from Eqs.~23!–~25!, Eqs.~1!–~5!, and aL as
large as 5 that the contribution ofB” couplings to the decay
t→cV might be observable at the upgraded Tevatron a
LHC.

If the decayst→cV are not observed at the upgrade
Tevatron and LHC, we can obtain the experimental up
bound forL. We illustrate this in Fig. 2 where we plotL
versus the degenerate squark mass. The solid, dashed
dotted lines correspond to Br(t→cg)5131023, Br(t
→cZ)5231024, and Br(t→cg)5531026, respectively.
The region above the solid line corresponding to Bt
→cg).131023 will be excluded if the decayt→cg is not
observed at the upgraded Tevatron. The region above
dashed and dotted lines corresponds to Br(t→cZ).2
31024 and Br(t→cg).531026 which will be excluded if
corresponding decays are not observed at the LHC. The
responding value ofL which sets its upper bound can b
read off from the figure. For example, for a squark mass
150 GeV, the upgraded Tevatron can probe theL down to
2.3. This bound is not very strong but may serve as the
experimental bound on this hitherto experimentally unco
strained product ofl9 couplings.

The following remarks are due regarding the above
sults.

~a! For the upgraded Tevatron or LHC, the limits on som
individual or combinations of these couplings may be obta
able from direct squark search. However, we think that
results are complementary to the direct search and the
cesses discussed in the present article may involve diffe

FIG. 2. L versus squark mass for given values of branch
ratios. The solid, dashed, and dotted lines correspond to Bt
→cg)5131023, Br(t→cZ)5231024, and Br(t→cg)55
31026, respectively.
1-4
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combination of the couplings. Since theR-violating SUSY
contains many parameters, it is desirable to obtain as m
constraints as possible.

~b! If the HERA anomalous events@27# were the result of
R-parity-violating terms@28#, namely, nonzero values forL”
couplingsl8, all the B” couplingsl9 would be very small
since proton stability imposes a upper bound of 1029(10211)
for any products ofl8l9 in the absence~presence! of squark
flavor mixing @14#. Then the effects of anyl9 coupling
would, of course, not be observable.

~c! As we have pointed out, only one term inL can exist,
either l2129 l3129 , l2139 l3139 , or l2239 l3239 . Let us assume the
existence ofl2129 l3129 as an example. Besides the two-bo

rare decayst→cV, the three-body decayst→cdd̄ ~exchang-
ing a s̃) and t→css̄ ~exchanging ad̃) can also open. Al-
though these decay modes just give rise to three light jets
thus are not easy to detect at the upgraded Tevatron or L
a detailed examination for the possibility of detecting the
decay modes is needed@24#.

~d! In the contributions ofl9 couplings, the masses o
down-type squarksd̃, s̃, andb̃ are involved. In our calcula-
tion, we assumed the degeneracy of these masses so th
extracted a factorL in Eq. ~20!. However, as we have
pointed out, only one term inL can exist. Correspondingly
only one flavor of down-type squark is involved. So actua
our assumption of mass degeneracy between different fl
down-type squarks does not affect our numerical results

Further, we assumed the mass degeneracy between
two mass eigenstates for each flavor down-type squ
Again, let us assume the existence of the terml2129 l3129 as an
example. Then only the strange squark (s̃) is involved. There
are two mass eigenstates for it, namely,s̃1 and s̃2 . We as-
sumedms̃1

5ms̃2
in our calculation. Theoretically this is

good approximation because the mass splitting betwees̃1
,

,

6

05500
ny

nd
C,
e

we

or

the
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and s̃2 is proportional to the strange-quark mass@23#. We
also checked that our numerical results are not sensitiv
the small mass splitting.

Although the possible mass splittings between differ
flavor squarks cannot significantly enhance the rates of
quark rare decays, they would cause some unexpected ef
in low-energy processes. For example, the large mass s
ting between charm squark and up squark, which are
relevant to our calculations in this paper, would lead to la
FCNC processes in theD-meson system. This will be exam
ined in detail in our future work.

~e! Finally, we should point out that with couplings a
large as 3.5, the model cannot be extrapolated beyond a
TeV, which will take away many of the motivations of su
persymmetry.

In summary, we found that the decayst→cV can be sig-
nificantly enhanced relative to those in theR-parity-
conserving SUSY model. In an optimistic scenario whe
one of the products ofL in Eq. ~20! attend the allowed limit
by perturbative unitarity at the SUSY breaking scale and
Rl , the branching ratios can be as large as Br(t→cg)
;1023, Br(t→cZ);1024, and Br(t→cg);1025, which
are potentially observable at the upgraded Tevatron an
the LHC. If not seen, upper bounds can be set on the spe
combination of the relevantB” couplings. Together with low-
energy processes such asb→sg andK02K̄0 mixing, strong
bounds on most of thel9 couplings can be set.
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